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Carbon nanotubes (CNTs) are very promising materials to remove pollutants from the environment. To develop safe, efficient
technologies, it is necessary to understand the mechanisms of interaction between CNTs and pollutants. This requires innovative,
interdisciplinary approaches. Detailed chemical analysis of the CNTs along with computational modeling can provide important
information about the mechanisms of interaction. If biological experiments are included in these studies, useful complementary
information is obtained. To exemplify the use of this approach, we present a case study in which detailed calculations and the
Salmonella mutagenicity assay were applied to elucidate how multi-walled CNTs interact with 1-nitropyrene, an important
mutagenic pollutant.
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Carbon nanotubes (CNTs) present inter-
esting properties that can lead to many
potential [1] and current applications [2]
{e.g., biomedicine [3], agriculture [4] and
the environment [5–8]}.
Acid treatment is a crucial step in CNT
applications. In particular, nitric-acid
treatment increases the water solubility
and dispersion of CNTs in biological media
by introducing oxygenated carbon surface
groups {e.g., carboxylic acids, alcohols,
carboxylic anhydrides, aldehydes, ethers
and ketones} [9,10]. It has been demon-
strated that acid-treated multi-walled
CNTs (MWCNTs) are efficient materials for
detection and removal of pollutants in
water {e.g., heavy metals and pesticides
[11], and aromatic compounds [12]}.437
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a few hundred tonnes per year and CNTs cost more than
US$10/g [13]. Improvements in production processes
will decrease the CNT costs and lead to increased
capacity. Smajda et al. showed that it is possible to
produce 1.2 kg of CNTs per day with costs of US$ 0.5/g
[13].
CNTs enter the environment intentionally or acci-
dentally, and, because of their chemical properties, they
tend to react with pollutants, so workers, the general
population and biota will be exposed to not only CNTs
but also their interaction products [14] that can present
different toxic properties [15–21]. It is essential to
understand the interaction processes for not only safety
reasons, but also development and optimization of new
remediation technologies and prediction of the life-cycles
of the pollutant-CNT complexes.
The study of the interaction of CNTs with pollutants
can be performed using different tools. First, it is neces-
sary to characterize the CNTs to be studied completely
chemically and physically. Computational modeling and
biological experiments can provide important insights
into the interaction of CNTs with pollutants. In this
work, we show how those approaches are being used in
CNT-pollutant interaction studies. We also present a case
study in which calculations from first principles and
Salmonella mutagenicity tests were used to understand
the interaction of well-characterized MWCNTs with
1-nitropyrene, an important environmental pollutant.2. Interaction of carbon nanotubes with pollutants
The rapid growth of the processing capacity of comput-
ers in recent years has allowed use of computational
techniques in all fields. In particular, simulation methods
are very important in nanomaterial (NM) studies be-
cause some experiments are impossible to perform at the
nanoscale because of difficulties in fabricating and
manipulating nanobjects and the irreversible degrada-
tion of the samples caused by the measuring technique
[22]. From the computational point of view, different
parameters (e.g., temperature and pressure) can be
individually tested or systematically combined. More-
over, model systems can be studied in special, well-
controlled conditions that are inaccessible or very hard
to achieve in experiments. Thus, computational methods
appear as virtual experiments that help us to understand
and to predict nanoscale phenomena.
Atomistic techniques, where atoms are explicitly
incorporated in simulations, can be roughly divided into
three groups – first principles (ab initio), semi-empirical,
and classical methods – depending on how the electrons
in the atoms are described [23,24]. Ab initio methods
treat electrons explicitly in the calculations while semi-
empirical methods consider them implicitly by adding438 http://www.elsevier.com/locate/tracparameters extracted from experiments or ab initio cal-
culations. By contrast, electrons are not taken into ac-
count in classical methods, and atoms and bonds are
treated as spring-mass systems [25]. Electronic effects
are indirectly incorporated through spring-constant
values obtained from experiments and/or ab initio or
semi-empirical methods.
2.1. Ab initio methods
Ab initio methods have been used to determine some
characteristics with high accuracy (e.g., the electronic
structure and geometry of molecules and solids, and
dissociation and adsorption energies). Due to the high
costs involved in the computation, only small systems
(100 atoms) can be investigated. By contrast, classical
methods are suitable to investigate dynamic processes of
systems with 106 atoms and they are commonly used
in studies of biological systems (e.g., proteins and lipids)
[26]. An extensive description of computational methods
used to study nanosystems is available [27].
The interaction of CNTs with pollutants has been
investigated by ab initio calculations [28–34].
Guo et al. [28] studied the interaction of semicon-
ductor single-walled CNTs (SWCNTs) (in pristine condi-
tion and doped with silicon) with gaseous molecules
(H2CO, CO and H2S). They showed that pristine SWCNTs
weakly interact with H2CO, CO and H2S, whereas Si-
doped SWCNTs chemically adsorb these molecules,
binding them on the SWCNT surface or dissociating
them into fragments.
Yim et al. [29] reported that an NO2 group can be
easily adsorbed on the external SWCNT surface, and this
process was reversible with a small energy barrier. The
adsorption of a second NO2 group was also energetically
favorable but with a significant barrier for desorption.
These results were valid for SWCNTs with a diameter of
about 0.6 nm, which is smaller than the typical diameter
of 1–2 nm found in SWCNT samples.
Fagan et al. [30] used gas-phase ab initio calculations
to study the interaction of small-diameter (0.6 nm)
SWCNTs with dioxins. They found that dioxin would
adsorb on the CNT surface with binding energies of
0.1–0.8 eV, depending upon the orientation of the
molecules. The interaction is stronger if the nanotubes
present defects (i.e. vacancies), suggesting that removal
of dioxins by SWCNTs can be more effective if defects are
present.
Similar results were obtained for 1,2-dichlorobenzene
[31]. The binding energy changed from 0.31 eV, for a
pi-stacking configuration of the pollutant on a non-
defective SWCNT surface, to 1.22 eV for a perpendic-
ular arrangement of the dichlorobenzene close to a va-
cancy.
Tournus et al. [32] used ab initio methods to investi-
gate the pi-stacking interaction of planar polycyclic
aromatic hydrocarbons (PAHs) (benzene, pyrene,
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energies (0.20–0.42 eV) than those predicted for
covalent functionalization of CNTs (1–3 eV).
Hybridization analyses suggested that the adsorption
between the molecules and the CNTs was only physi-
sorption rather than chemisorption.
Analyzing the gas-phase interaction of benzene with
SWCNTs, Tournus and Charlier also found that physi-
sorption was the main interaction mechanism and that
large diameter tubes appear as the most reactive ones
[33].
Irving et al. [34] studied the interaction between CNTs
with benzene and many others substituted analogues.
They found that there was a measurable adhesion be-
tween benzene-like molecules and CNTs, but there was
little evidence of selectivity between different aromatic
molecules.
2.2. Experimental studies
Many experimental studies have been performed about
the interaction of CNTs with pollutants {e.g., dioxin
[35], fluoride [36], trihalomethanes [37], nicotine and
tar [38], tetracycline [39] and sulfonamide antibiotics
[40], and PAHs [41]}. Pan and Xing reviewed the
adsorption mechanisms of organic compounds on CNTs,
discussing general aspects (e.g., heterogeneous adsorp-
tion, adsorption/desorption hysteresis, and simultaneous
action of multiple adsorption mechanisms) [42]. The
authors also pointed out that both CNT properties (e.g.,
surface area, morphology, and functional groups) and
environmental conditions (e.g., pH and dispersion) can
affect the adsorption process [42]. The functionalization
of CNTs can improve the adsorption of relatively low
molecular weight and polar compounds by increasing
CNT hydrophobicity. By contrast, by increasing oxygen
content on CNT surfaces, functionalization can reduce
adsorption of non-polar and/or planar compounds [42].
Biological experiments can also be performed to eval-
uate the hazard potential of NMs and their complexes
with pollutants. Different systems can be used, depend-
ing upon the objective of the study [43,44]. Several
endpoints can be measured [45] {e.g., pulmonary effects
[46,47], neurotoxicity [48], immunotoxicity [49],
reproductive effects [50], and genotoxicity [51,52]}.
We can conclude that CNTs cause DNA damage
in vitro and in vivo [53], but not all traditional assays
seem to be effective at detecting CNT genotoxicity.
MWCNTs have been tested in the Salmonella/microsome
assay, one of the most used in vitro assays [44], and,
apart from differences among the samples of CNTs, re-
sults so far have been negative [54–57]. Some authors
attribute those negative results to the fact that bacteria
do not take up solid materials [53,57].
Although not suitable to test CNTs, the Salmonella/
microsome assay [59] is sensitive to several important
environmental mutagens (e.g., PAHs, aromatic amines,halogenated organics and nitro-compounds), besides
being a fast, low-cost bioassay [60]. It employs different
strains of the bacteria (Salmonella typhimurium) that lack
the ability to grow in minimal media due to mutations in
different genes of the histidine operon. When bacteria
cells are exposed to a mutagen that is able to reverse the
initial mutation, the bacteria become proficient in histi-
dine and the so-called revertants are able to grow in
minimal media. The number of revertants is proportional
to the potency/concentration of the mutagen. The assay
is also performed with exogenous mammalian enzymes
because the bacteria do not have the cytochrome system,
important in the bioactivation of several important pol-
lutants. Several different strains have been developed to
be more sensitive to specific classes of compounds
[61,62]. These strains can be very helpful when com-
bined with chemical analysis to detect mutagenic com-
pounds in the environment [63]. For instance, one of the
most abundant nitro-PAHs in the environment
(1-nitropyrene) is potent in the Salmonella/microsome
assay – only a few ng can provide positive results [64].
For 1-nitropyrene, no exogenous metabolic activation is
required because it is activated by bacterial nitroreduc-
tases and acetyltransferases that are expressed in the
Salmonella strains used in the test.
To achieve a more complete view of the interaction of
CNTs and pollutants, and its consequences, from the
molecular level to the environmental pollution assess-
ment, integrated approaches should be envisaged. It has
been demonstrated that the combination of chemical
analysis and biological tests is key to assessments of
environmental pollution [65]. In addition, use of compu-
tational strategies combined with chemical and biological
methods is also important to predict the risks of NMs [66].
We exemplify this type of approach in the following
case study, in which we combined computational mod-
eling and biological experiments to investigate the
interaction of CNTs with 1-nitropyrene, which is an
important mutagenic pollutant.3. Case study
PAHs and nitro-PAHs are pollutants that have largely
been investigated due to their mutagenic and carcino-
genic effects. These hydrocarbons are generated from
fossil fuel combustion or burning of organic material
[67,68] and are ubiquitous in the environment. The
most abundant nitro-PAH in the environment is 1-
nitropyrene [69,70].
In this case study, we used the Salmonella assay as a
tool to detect 1-nitropyrene in the test mixture of CNTs
and 1-nitropyrene, and atomistic calculations to obtain
insights into the interaction of CNTs and 1-nitropyrene
(Fig. 1). The detection limit of the Salmonella assay for
this compound was 30 ng/plate.http://www.elsevier.com/locate/trac 439
Figure 1. How the Salmonella assay was used to detect the remaining pollutants after their interaction with multi lled carbon nanotubes.
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Table 2. Negative results for the Salmonella/microsome assay, with and w
typhimurium for the CNT-LQES1
Mean of r
Without metabolic activation
Dose of CNTLQES1
[lg/plate]c
TA97 TA98 TA100 TA1535 TA
Negative Control 191 ± 7 28 ± 8 245 ± 9 32 ± 4 260
1 203 ± 20
(1.0)
33 ± 13
(1.2)
241 ± 28
(1.0)
34 ± 2
(1.1)
243
(0.9
4 199 ± 15
(1.0)
35 ± 8
(1.3)
270 ± 9
(1.1)
29 ± 7
(0.9)
285
(1.1
10 182 ± 7
(1.0)
27 ± 5
(1.0)
275 ± 39
(1.1)
33 ± 6
(1.0)
261
(1.0
40 180 ± 8
(0.9)
35 ± 8
(1.3)
229 ± 27
(0.9)
44 ± 8
(1.4)
263
(1.0
100 191 ± 11
(1.0)
30 ± 4
(1.1)
210 ± 27
(0.9)
31 ± 3
(1.0)
210
(0.8
Positive Controld 872 ± 109
(4.6)
423 ± 63
(15.1)
563 ± 71
(2.3)
565 ± 44
(17.6)
260
(10.
a SD standard deviation.
b MR mutagenic ratio (induced and spontaneous revertants/spontaneous re
c Cell survival in treated cultures was monitored during the assay and no c
activation.
d Known mutagens used as positive controls. Without S9, 1 and 0.5 lg 4-
1 lg sodium azide/plate for TA100 and TA 1535 respectively, and 0.5 lg M
TA97 and 2-aminoanthracene for TA98 (0.5 lg/plate), TA100, TA1535 (1
Table 1. Main characteristics of acid-treated multi-walled carbon
nanotubes (CNT-LQES1) used in this study
Properties CNT-LQES1
Diameter (nm)a 10–40
Length (lm)b 0.1–10
Surface area (m2/g)c 260 ± 10
Zeta potential (mV)d 27 ± 8.0
ID/IG
e 1.64 ± 0.3
Oxidation temperature (C)f 610 ± 5.0
Carbon purity (%)g 99 ± 1.0
Final metallic residue
[iron oxide] (%)h
0.9 ± 0.1
Qualitative elemental analysisi C, O, Fe
Preparation method Chemical vapor deposition
a,b Size distribution was estimated by using scanning electronic
microscopy (SEM) [FEI NanoLab200] and transmission electronic
microscopy (TEM) [Carl Zeiss CEM-902] techniques.
c The specific surface area was evaluated using the BET method
[ASAP 2010 Micromeritics Instruments].
d The zeta potential was determined in Milli-Q water by Zetasizer
nano-ZS [Malvern Instruments].
e The ratio between disorder-induced mode and tangential modes
was obtained from the Raman spectrum [TS-150 WITECH spec-
trometer, which was excited with 532 nm laser line].
f,g,h Temperature oxidation and carbon purity were determined
using thermogravimetric measurements [SDTQ600 TA instru-
ments] and the final metallic residue was measured using an
analytical microbalance [AD-6 Perkin-Elmer] as recommended by
National Institute of Standards and Technology [72].
i The qualitative elemental analysis was obtained using energy
dispersive X-ray spectroscopy (EDS) [JEOL 660-LV].
Trends in Analytical Chemistry, Vol. 30, No. 3, 2011 TrendsClean, pure samples are necessary to minimize the
effects of impurities that can mask the intrinsic CNT
toxicity. Koyama et al. [71] observed that contaminated
and clean MWCNTs presented different toxicological
responses in mice. Pure MWCNTs were obtained in our
case study by nitric-acid treatment (CNT-LQES1) and
detailed characterizations were performed (Table 1).
To confirm that MWCNTs used in this study (CNT-
LQES1) were negative in the Salmonella/microsome
mutagenicity assay, we tested several doses of CNT-
LQES1, with and without metabolic activation (S9 rat
liver homogenate), with the strains of S. typhimurium
TA97, TA98, TA100, TA102 and TA1535, which
detect different types of DNA damage [73]. Appropriate
negative and positive controls were included in the
assay. As expected [54–57], CNT-LQES1 did not induce
mutagenic activity in the tested doses (Table 2). We did
transmission electron microscopy (TEM) analysis and we
observed that the MWCNTs were not found inside the
cells (Fig. 2). This confirms that the Salmonella assay is
not a suitable system to evaluate the genotoxicity of
MWCNTs, as already discussed [53,58].
We treated different concentrations of CNT-LQES1
with different doses of 1-nitropyrene (10–1000 ng)
and performed the Salmonella assay with the TA98
strain without exogenous metabolic activation to
detect free 1-nitropyrene molecules in the mixture. We
used three different pre-incubation times to evaluateithout metabolic activation (S9), for different strains of Salmonella
evertants/plate±SDa (MRb)
With metabolic activation
102 TA97 TA98 TA100 TA1535 TA102
± 14 217 ± 88 31 ± 8 134 ± 17 19 ± 4 225 ± 24
± 39
)
259 ± 63
(1.2)
32 ± 11
(1.0)
136 ± 26
(1.0)
24 ± 11
(1.3)
228 ± 43
(1.0)
± 23
)
188 ± 39
(0.9)
38 ± 3
(1.3)
152 ± 16
(1.1)
17 ± 4
(0.9)
214 ± 36
(1.0)
± 33
)
243 ± 20
(1.1)
28 ± 5
(0.9)
131 ± 26
(1.0)
30 ± 5
(1.6)
191 ± 47
(0.9)
± 27
)
243 ± 26
(1.1)
31 ± 2
(1.0)
145 ± 23
(1.1)
17 ± 15
(0.9)
184 ± 44
(0.8)
± 37
)
216 ± 11
(1.0)
31 ± 10
(1.0)
134 ± 27
(1.0)
32 ± 12
(1.7)
206 ± 36
(0.9)
9 ± 47
2)
570 ± 153
(2.6)
173 ± 12
(5.6)
2688 ± 640
(20.1)
135 ± 19
(7.3)
472 ± 19
(2.1)
vertants) greater than 2 indicates mutagenic activity.
ytotoxicity was observed in both absence and presence of metabolic
Nitroquinoline oxide/plate for TA97 and TA98 respectively, 0.5 and
itomycin C/plate for TA102; With S9, 5 lg 2-Aminofluorene/plate for
lg/plate), and TA102 (0.5 lg/plate).
http://www.elsevier.com/locate/trac 441
Table 3. Influence of preincubation time upon 1-nitropyrene mutagenic activity on the number of revertants per plate
Doses 1-Nitropyrene
(ng/plate)
1-Nitropyrene + 10 lg
CNT-LQES1/plate
(2 h)
1-Nitropyrene + 10 lg
CNT-LQES1/plate
(4 h)
1-Nitropyrene + 10 lg
CNT-LQES1/plate
(6 h)
mean ± SDa MRb mean ± SDa MRb mean ± SDa MRb
0 21 ± 4 – 30 ± 5 – 19 ± 8 –
10 26 ± 3 1.2 16 ± 6 0.5 24 ± 6 1.2
30 37 ± 7 1.8 26 ± 5 0.9 33 ± 4 1.7
100 68 ± 7 3.2 55 ± 7 1.9 64 ± 16 3.4
300 238 ± 39 11.3 269 ± 25 9.1 218 ± 21 11.5
1000 721 ± 49 34.3 662 ± 59 22.3 794 ± 126 41.8
a SD, Standard deviation.
b MR, Mutagenic ratio (induced plus spontaneous revertants/spontaneous revertants) – greater than 2 indicates mutagenic activity.
Figure 2. Bacteria cells (Salmonella TA 98 strain) exposed to CNT-LQES1 pre-incubated with 1-nitropyrene under the transmission electronic
microscope. Arrows indicate the multi-walled carbon nanotubes outside the bacterial cell.
Trends Trends in Analytical Chemistry, Vol. 30, No. 3, 2011the time dependence of 1-nitropyrene adsorption on
CNT-LQES1.
We observed a reduction in the number of 1-nitropy-
rene-induced revertants with increased MWCNT con-
centration (Fig. 3). This suggested that the 1-nitropyrene
was interacting with the CNTs in a dose-dependent way.
The interaction between PAHs and carbon NMs was
addressed by other studies [74]. Chen et al. showed that
nitro-aromatic compounds (nitrobenzene, 4-nitrotolu-
ene, and 2,4-dinitrotoluene) adsorbed more strongly
than non-polar aromatics (benzene, toluene, and some442 http://www.elsevier.com/locate/tracchlorinated benzenes), and the adsorption affinity in-
creased with the number of nitro-functional groups [75].
While different adsorption sites (i.e. external surface,
spaces in the innermost tube, and inter-tube space) in
the MWCNTs are accessible for adsorbates, the external
surfaces represent the preferential sites [74]. Thus, we
assumed that the interaction between 1-nitropyrene and
the CNT-LQES1 occurred mainly with the surface of the
outermost CNTs.
To estimate the available surface area per 1-nitropy-
rene molecule, we used the specific surface area SA
Figure 3. Mutagenic ratio (induced plus spontaneous revertants/spontaneous revertants) as a function of 1-nitropyrene and CNT-LQES1 doses.
Inset: Mutagenic effect as function of the ratio between CNT-LQES1 and 1-nitropyrene doses. The dashed line is a guide to the eye, which indi-
cates the behavior where the number of induced revertants is proportional to the inverse of the CNT-LQES1/1-nitropyrene dose ratio.
Trends in Analytical Chemistry, Vol. 30, No. 3, 2011 Trendsobtained with the BET method (Table 1). Thus, each
fully dispersed 1.0 lg of CNT-LQES1 would provide
2.6 · 104 m2 of surface area. Assuming this area is
equally available for 1-nitropyrene molecules, the
available surface area per 1-nitropyrene for a dose of
1 ng was about 108 nm2. This value indicates that
1-nitropyrene molecules (size of about 1 nm) would have
significant space to interact with the outermost surfaces
of CNT-LQES1. For the highest dose of 1-nitropyrene
(1000 ng) and the lowest dose of CNT-LQES1 (10 lg)
analyzed here, the available surface area for each
1-nitropyrene molecule was about 1 nm2, which still
fitted the typical size of the 1-nitropyrene molecule.
However, we did not observe a 100% reduction at
this specific dose (Fig. 3). This suggested that other
aspects may be playing a role in 1-nitropyrene adsorp-
tion. For example, complete CNT dispersion is not
achieved during genotoxicity tests, and that may have
reduced the available surface area for 1-nitropyrene
adsorption. Furthermore, the acid treatment used in
preparing the CNT-LQES1 was expected to produce de-
fects on the CNT surfaces. According to Raman spec-
troscopy measurements, the average distance between
defects was estimated to be 11 nm [76] (Table 1).
Thus, we expected that 1-nitropyrene would mainly
interact with regions free of defects, whereas the size of
the 1-nitropyrene was about one-tenth of the average
distance between defects. No further experimental
information is currently available regarding the size
(mono-, multi-vacancy) and the type of such defects in
the CNT-LQES1 samples. However, high-resolution TEM
studies on graphene layers have indicated thatvacancies, adatoms, and topological defects are
numerous and stable at room temperature [77], so
these types of defect may be present in CNT-LQES1.
Depending upon concentrations of both 1-nitropyrene
and CNT-LQES1, the interaction of the 1-nitropyrene
with defect regions should also be considered. In those
regions, 1-nitropyrene may interact with more highly
reactive sites due to the presence of dangling bonds and
adatoms. In addition, reactive sites have a high proba-
bility of first accommodating the oxygenated groups
(e.g., –COOH and –OH) generated during nitric-acid
treatment. These groups can induce formation of water
clusters [78], which can influence the adsorption by
removing available surfaces for 1-nitropyrene adsorp-
tion. Peng et al. found strong evidence to support the
view that water clusters induced by oxygen groups on
CNT surfaces decrease the adsorption of 1,2-dichloro-
benzene by nitric-acid-treated MWCNTs in water [79].
To investigate the interaction of 1-nitropyrene with
CNT surfaces, we performed atomistic calculations using
ab initio density-functional theory in the framework of
the local density approximation with the SIESTA code
[80]. Geometrical optimizations were performed to
obtain stable structures in gas phase. Because the CNT-
LQES1 present large diameters (10–40 nm), a single
graphite layer (graphene) was used to model the acces-
sible surface of the CNT-LQES1 to 1-nitropyrene. The
binding energy between different configurations of
1-nitropyrene molecules and the graphene surface was
estimated by the difference between total energies of the
complete system (1-nitropyrene plus graphene) and its
constituent parts, taking into account the basis sethttp://www.elsevier.com/locate/trac 443
Trends Trends in Analytical Chemistry, Vol. 30, No. 3, 2011superposition-error correction [81] and neglecting the
zero-point energy correction.
When 1-nitropyrene was close to defect-free regions,
our calculations indicated that the parallel orientation of
1-nitropyrene over the surface was energetically favor-
able, showing an energy interaction of approximately -
0.3 eV. This value was close to those found for other
pollutants interacting with (single-walled) CNTs and
graphene (see previous section). Although this energy
can be affected by solvation effects (not considered here),
it suggested that the interaction of 1-nitropyrene mole-
cules with the hydrophobic surfaces of the CNT-LQES1
was probably through a non-covalent functionaliza-
tion (physisorption), involving pi-stacking interactions.
This interaction mechanism could be responsible for
trapping 1-nitropyrene on the CNT surfaces and
for reducing its biological effect, as measured in the
Salmonella assay.
If the interaction between 1-nitropyrene and CNT-
LQES1 is related to the available surface area, we must
expect no strong dependence upon incubation time be-
cause the CNT surfaces would, in principle, be promptly
available at the beginning of the experiment. We tested
different incubation times and observed no significant
changes in the reduction of the biological effect. This
indicated that the capture mechanism of the 1-nitropy-
rene by CNT-LQES1 occurred in less than 2 h and it was
stable for at least 6 h (Table 3). However, further
experiments are necessary to determine the minimum
period required for this reaction.
The available surface area, S, for a 1-nitropyrene
molecule can be estimated as follows:
S ¼ ðSAMÞD=d
where SA is the specific surface area obtained by the BET
method, M is the 1-nitropyrene mass, D is the CNT-
LQES1 dose, and d is the 1-nitropyrene dose.
The mutagenicity character (quantified by the number
of induced revertants) as function of the dose ratio D/d
showed an initial decay, approximately proportional to
1/S (inset graph of Fig. 3). This decay was followed by
saturation for D/d ratios greater than about 400, or
equivalently, for available surfaces with area of about
44 nm2. This area corresponds to one of a square of side
of about 6.6 nm, which is close to the estimated mean
distance between defects. The small value might be re-
lated to the presence of water clusters formed in the
defect regions that can decrease the surface available for
1-nitropyrene molecules.
The Salmonella assay can be an effective tool in CNT-
pollutant interaction studies, if the pollutant of interest
belongs to the classes of compounds for which the assay
has proved to be sensitive. The use of the assay would
be even more effective in real-life remediation applica-
tions where we would be dealing with a mixture of444 http://www.elsevier.com/locate/tracmutagenic pollutants and not only one or two com-
pounds. The efficiency of treatment technologies
applying MWCNTs could be measured using the Sal-
monella/microsome assay, especially if the objective was
to remove mutagens from the environment. This ap-
proach would save time and high-cost analytical-
chemistry resources.4. Conclusions
Investigations towards understanding the interaction
between pollutants and CNTs are important to elucidate
the mechanisms involved, to design new environmental
applications, and to verify to which complexes humans
and the biota will be exposed once CNTs reach the
environment. To develop efficient, safe, treatment tech-
nologies, the combination of physical and chemical
analyses, computational modeling, and biological tests
appears as a promising and necessary tool towards
attaining deeper knowledge of the interaction of pollu-
tants with CNTs.
We applied computational modeling and biological
tests to the particular case of 1-nitropyrene and acid-
treated MWCNTs. We found that physisorption at defect-
free MWCNT regions appeared to be the main interaction
mechanism. In addition, we verified that the Salmonella
assay was a suitable system to evaluate the efficiency of
the removal of mutagenic compounds (e.g., 1-nitropy-
rene) by the CNTs at ng levels. By contrast, this assay is
unsuitable for evaluating MWCNT genotoxicity because
the MWCNTs were not taken up by the bacteria.
To verify the adverse effects of the complexes formed
by pollutants and CNTs to the general biota and hu-
mans, more experiments should be performed in suitable
biological systems.Acknowledgments
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